Polyadenylated ribonucleic acid (RNA) was isolated from chicken skeletal and smooth muscle and translated in a cell-free rabbit reticulocycle system. 
Polyadenylated ribonucleic acid (RNA) was isolated from chicken skeletal and smooth muscle and translated in a cell-free rabbit reticulocycle system. Both types of muscle tissue contain messenger RNAs that code for the intermediate filament proteins desmin and vimentin, and the relative concentrations of the two translation products reflect the prevalence of the two proteins in vivo. Desmin synthesis represents a greater proportion of the total protein synthesis from smooth muscle RNA than from skeletal muscle RNA, whereas the converse is true of vimentin synthesis. Fractionation of the RNA on formamide-containing sucrose gradients before translation indicates that the desmin messenger RNA is larger than the vimentin messenger RNA and contains an extensive noncoding segment. The desmin and vimentin messages code predominantly for the nonphosphorylated forms of desmin and vimentin. However, the ratio of phosphorylated to unphosphorylated forms of the proteins could be increased by adding cyclic adenosine monophosphate-dependent kinase activity to the translation mixtures. These results suggest that desmin and vimentin are each synthesized from a single messenger RNA species and that posttranslational phosphorylation generates the additional isoelectric variants of each which are observed in vivo.
Electron microscopic studies have demonstrated that filaments with a diameter of 10 (3, 13) . When muscle cell cytoskeletal proteins are electrophoresed on two-dimensional gels, both desmin and vimentin show microheterogeneity (8, 13 ). Desmin appears as a set of isoelectric variants with a molecular weight of 50,000, and vimentin appears as a series of variants with a molecular weight of 52,000. Two major isoelectric variants of desmin, a-desmin and f,-desmin, and several minor variants are resolved. Previous experiments have demonstrated that a-desmin and the minor variants are phosphorylated proteins but that f-desmin is not phosphorylated (13) . Several phosphorylated variants of vimentin are also present in muscle cells, but usually the unphosphorylated variant predominates (13) . With both desmin and vimentin, it remains unclear whether a single gene product is phosphorylated post-translationally to give rise to all of the variants or whether several different gene products are synthesized.
Although the data concerning desmin and vi-mentin suggest that they are distinct protein species, some of their physical and chemical properties are remarkably similar (16) . Comparative peptide mapping has also suggested some sequence homology between the proteins (3, 16) . These hypothetical regions of sequence homology probably do not include the major antigenic determinants, however, since antisera prepared against desmin and vimentin do not generally cross-react (5).
In the experiments described in this paper, we have attempted to resolve the questions about desmin and vimentin heterogeneity posed above by in vitro translation of skeletal and smooth muscle messenger ribonucleic acid (mRNA) in a cell-free reticulocyte lysate. In all cases, both desmin synthesis and vimentin synthesis are detected. Separation of the desmin and vimentin mRNA's by their size provides definitive proof for the separate identities of desmin and vimentin, ruling out post-translational conversion of vimentin to desmin. The principal translation product of desmin mRNA is ,B-desmin. The ratio of a-to fi-desmin synthesized in the cell-free system can be increased by supplementing the lysate with the catalytic subunit of the bovine heart cyclic adenosine monophosphate (cAMP)-dependent protein kinase, suggesting that a-desmin is derived from fl-desmin by post-translational phosphorylation.
MATERIALS AND METHODS RNA preparation. Gizzard and thigh muscles were dissected from 1-to 7-day old chicks and frozen in liquid nitrogen. The frozen tissue was pulverized to a fine powder in liquid nitrogen, using a Waring blender with a stainless-steel cup. Total RNA was extracted from the frozen, pulverized tissue by using guanidine thiocyanate, as described by Chirgwin et al. (1) (17) . The gradient was fractionated by collecting drops from the bottom of the tube, and the RNA1n each fraction was precipitated with potassium acefate and ethanol as above. After centrifugation, the pellets were extracted twice with 70% ethanol and the RNA was dissolved in water. RNA from every second fraction of the gradient was used for translation in the cell-free lysate.
Cell-free translation of RNA. The RNA which bound to oligo(dT)-cellulose was pelleted by centrifugation at 16 ,000 x g for 10 min and resuspended in water at a concentration of 1 mg/ml. The resuspended RNA was heated at 60°C for 5 min and rapidly chilled on ice. The RNA was translated in a rabbit reticulocyte lysate according to the manufacturer's specifications.
The final concentrations of components in the translation mixture were 80 mM potassium acetate, 0.65 mM magnesium acetate and 50% (vol/vol) reticulocyte lysate. Each 25-1-translation mixture contained 0.5 to 1.0 ,g of muscle RNA and 50 yCi of [3S] methionine (1,036 Ci/mmol). The standard incubation was at 37°C for 60 min. Incorporation of methionine into protein was linear over this period. After various times of incubation, 1 pl of the translation mixture was removed, and the protein was precipitated as described by Devlin and Emerson (2) . One microliter of sample mixture contained 50,000 to 80,000 counts which were precipitable with 10% (vol/vol) trichloroacetic acid. The reaction was terminated by adding 3 volumes of 8 M urea-2% Nonidet P-40-0.5% 2-mercaptoethanol to the translation mixture and immediately freezing the sample on dry ice.
For pulse-chase experiments, translation was performed as above for 10 min. After 10 min of incubation, 1 Id of 100 mM nonradioactive methionine was added to the lysate. The incorporation of radioactive methionine into trichloroacetic acid-precipitable material ceased immediately. One microliter of either cAMPdependent kinase (11,000 U/ml) or buffer was then added to the reaction mixture. Incubations were allowed to proceed for various lengths of time.
Two-dimensional gel electrophoresis and fluorography. Translation samples, containing 1 .0 x 106 to 1.6 x 106 trichloroacetic acid-precipitable counts, were mixed with 10 ug of chicken skeletal muscle cytoskeletal proteins in the same urea sample buffer. The cytoskeletal marker proteins were prepared by detergent extraction of cultured primary chicken muscle cells as described previously (13) . Samples were electrophoresed on two-dimensional isoelectric focusing-sodium dodecyl sulfate-polyacrylamide slab gels as described previously (10) . Gels were prepared for fluorography by impregnation with Enhance solution for 1 h. After rinsing with deionized water for an additional hour, the gels were dried under vacuum. Autoradiograms were exposed for 2 to 3 days at -70°C before development as described previously (13) . Guanidine Figure 1 shows the in vitro translation products of the two RNA populations. Actin is the principal product of both the skeletal and the smooth muscle RNAs. It has been reported previously that a-actin is the principal translation product in skeletal muscle (7), whereas -y-actin is the principal isoelectric variant synthesized in smooth muscle (14) . The present results confirm these observations, although it is clear from the gels shown in Fig. 1 (which has been overexposed to emphasize the desmin and vimentin) that other actin variants are also synthesized. It is not clear whether this is due to the presence of nonmuscle cells in the muscle tissue or to incorrect translation in the cell-free system. It is also possible to distinguish translation products which comigrate with &-and E-actin, the non-acetylated precursor of 8-and -y-actin (7, 14) .
The principal desmin synthesized from either skeletal or smooth muscle RNA is f,-desmin. Smaller amounts of a-desmin are also synthesized. The ratio of f-desmin to a-desmin synthesis in the cell-free system, determined by densitometry of autoradiograms (exposed for short periods of time to ensure a linear film response) averages 10:1. This value is significantly greater than the ratio of thef,-to a-desmin polypeptides observed in intact tissues, which is usually about 1:1 (4, 8 Figure 2 shows the autoradiograms of the protein species synthesized from the individual fractions. The RNA in fraction 13 directs the synthesis of the tropomyosins most efficiently. Actin synthesis in vitro is detected primarily from the translation of the RNAs in fractions 13 (12) . By 10 min after the addition of kinase, the ratio of a-to fi-desmin detected on the autoradiograms was increased severalfold over the control value (Fig. 3) . In addition, several minor, more acidic variants of desmin were also apparent. These minor variants are often observed in vivo (4, 13), but they are not observed normally among the translation products of muscle mRNA. The effect of the exogenous kinases was a transitory one. By 30 min after the addition of kinase, the ratio of a-to fl-desmin was similar in both control and kinase-treated lysates. This may be due to the action of the endogenous lysate protein phosphatases.
Similar results were observed with vimentin (when fluorograms were exposed for longer periods of time). The addition of kinase activity to the lysate augmented the proportion of the more acidic vimentin variants relative to the major variant. We have previously observed that these acidic variants are phosphoproteins, whereas the major variant is not (13) . Again, the effect of the exogenous kinase was a transitory one, disappearing within 30 min of kinase addition. DISCUSSION The cell-free translation experiments reported here have been instructive in defining internediate filament protein heterogeneity. It is clear from the data that desmin and vimentin are the translation products of discrete mRNA molecules which can be physically separated. Desmin cannot, therefore, be regarded as a proteolytic fragment of vimentin. Instead, the marked similarities in the physical and chemical properties of desmin and vimentin and of their respective filaments may reflect the evolutionary derivation of the two proteins from a common ancestral protein (3). The relative concentrations of desmin and vimentin products found in the -translation of smooth and skeletal muscle RNA are very similar to their relative concentrations observed in vivo. Assuming that desmin and vimentin are translated with comparable efficiency both in vitro and in vivo, this implies that the tissue concentrations of the two proteins are regulated by the concentrations of their respective mRNA's.
Using formamide-containing sucrose gradients (Fig. 2) VOL. 1, 1981 Asai, unpublished data), we have not detected separate mRNA's for the different isoelectric variants of desmin. The desmin mRNA was surprisingly large for a protein with a molecular weight of 50,000. We estimate that a noncoding stretch of 900 nucleotides is present in the message, since the total number of amino acids in desmin is approximately 400 (6, 15) . All fractions containing this desmin mRNA activity directed the synthesis of predominantly f-desmin in vitro, although small amounts of a-desmin were also synthesized. Since rabbit reticulocyte extracts are known to contain appreciable amounts of endogenous cAMP-dependent kinase activity (12) , it was possible that a-desmin was being derived from /3-desmin by post-translational phosphorylation occurring in the lysate. This possibility was tested by adding kinase after the translation period and comparing the amounts of newly synthesized a-desmin and /3-desmin in the presence or absence of added kinase.
Whereas the ratio of the a-desmin to ,B-desmin translated in vitro in the absence of added kinase was consistently much lower than the molar ratio of the two variants in vivo, the a-desmin to fl-desmin ratio was dramatically increased by adding the catalytic subunit of the bovine heart cAMP-dependent protein kinase to the lysate during a chase period initiated by a large excess of nonradioactive methionine. Therefore, a-desmin can be directly generated from /3-desmin by post-translational phosphorylation. Together with the fractionation data, this suggests that the desmin isoelectric variants are derived from a single polypeptide by post-translational phosphorylation. This is in contrast to actin, whose three isoelectric variants are translated from different mRNA's (7). We have attempted to observe phosphate incorporation into desmin and vimentin directly by using [_y-32P]adenosine triphosphate as a tracer during translation of muscle RNA in the lysate, but this has proven unsuccessful. Several factors might account for these negative results. First, the specific activity of the adenosine triphosphate in the lysate is expected to be much less than that of the methionine used in other experiments, since the lysate contains a high concentration (approximately millimolar) of adenosine triphosphate. Second, the reticulocyte lysate contains numerous phosphate-accepting species which would compete with desmin as substrates for the endogenous kinases (13) . We did, in fact, observe phosphate incorporation into a large number of reticulocyte proteins. These negative results do not detract, however, from the major conclusion. The results reported above demonstrate that a-desmin (and the minor acidic variants) can be derived from fl-desmin by the action of cAMP-dependent protein kinases.
The ability of kinases to generate a-desmin from fl-desmin in the cell-free system also demonstrates that soluble desmin can be phosphorylated. Since only minute quantities of desmin are synthesized in vitro and since the reticulocyte lysates do not themselves contain detectable desmin, the concentration of desmin in the lysate should be well below the critical concentration for its polymerization (6) . The efficient phosphorylation of soluble desmin which we have demonstrated here may have important functional implications. When detergent-resistant structures containing desmin are isolated from cells, they always contain nearly equal amounts of the a-desmin and /3-desmin variants (3, 13) . It is therefore possible that desmin phosphorylation is required for one of the early steps in its assembly into stable cytoskeletal structures. Immunofluorescent localization studies with specific desmin antibodies have shown that desmin is frequently associated with cytoplasmic structures where actin filaments insert into membranes (9, 11) . On the basis of these data, it has been proposed that desmin might function as a link between actin filaments and the plasma membrane by virtue of its hydrophobic properties. The results reported here, however, suggest that desmin biosynthesis is unlike that of many integral membrane proteins in that mature-sized desmin is translated without a hydrophobic leader sequence (18) . This mature-sized desmin can be specifically precipitated from the translation mixtures with desmin antibodies; no larger proteins (including vimentin) are specifically precipitated with the antibodies (Asai and O'Connor, unpublished data). Therefore, if desmin is associated with the plasma membrane, this association would appear to be like that of a peripheral protein.
The experiments reported here have clarified several aspects of desmin and vimentin biosynthesis, but some important questions remain unanswered. Although the data reported here strongly suggest that desmin microheterogeneity arises from the post-translational phosphorylation of a single polypeptide, strict interpretation is not possible. Final resolution of this point will require the analysis with recombinant deoxyribonucleic acid probes of the RNA species derived from active desmin genes. Such probes may also be useful for investigating the fine structure of the desmin and vimentin genes. Our results have clearly demonstrated that desmin and vimentin are distinct gene products and that desmin phosphorylation can be closely linked to its biosynthesis. It will be interesting to examine the effect of desmin phosphorylation on filament assembly in a defined cell-free system where the level of phosphorylation can be manipulated experimentally.
